ABSTRACT: A theoretical investigation of the post-local buckling behaviour and ultimate strength of steel plates in concrete-filled fabricated box columns is presented. The finite element method is used to predict the post-local buckling response of plates restrained by concrete. Geometric imperfections and residual stresses are considered in the analysis. The model developed is initially compared with a classical solution for clamped plates with initial imperfections. An extensive parametric study is then carried out to investigate the minimum local buckling coefficient and the effects of geometric imperfections and residual stresses on the post-local buckling strength of clamped steel plates. An effective width model is proposed for the design of clamped steel plates. and this can be used in the determination of the ultimate strength of short concrete-filled box columns. Independent test results of concrete-filled steel box columns are compared with the theoretical predictions by using the proposed design model. It is confirmed that the proposed design model predicts the behaviour of real concrete-filled steel box columns extremely well.
I. INTRODUCTION
Concrete-filled box columns fabricated with steel plates have been used increasingly in tall building construction in recent years because they can offer high strength. high ductility. large strain capacity and reduction in construction costs. In a concrete-filled steel box column, since the concrete is completely encased by the steel box that confines the concrete, the compressive strength of the encased concrete may be increased. In addition to this, the steel plates are also restrained by the concrete so that their resistance to local buckling is much higher than those unrestrained by concrete. During the construction of a tall building.
Advances ill Structural Engineering~)1. 2 No. I 1998 the concreting of the hollow steel box columns is initiated from the lower levels of the building, which does not impede the erection of steel components at higher levels. Thus, the construction speed of this mixed system is much faster than that of reinforced concrete structures and the construction cost can be greatly reduced especially in countries where the labour cost is expensive. Furthermore, significant savings can be obtained by using concrete-fi11ed steel box columns, which require no additional formwork and reinforcement for the encased concrete. Table I outlines some existing buildings throughout the world in which these columns were used. Table I . Previous Uses of Concrete-Filled Steel Columns, (Uy, 1998) Local buckling of steel plates in concrete-filled steel box columns may occur when subjected to axial compression. An important characteristic of local buckling of thin steel plates in a composite steel-concrete member is that the steel plates can only buckle away from the concrete. This behaviour has been of increasing concern recently by researchers in their attempt to quantify the behaviour in real structural members. Wright (1993) has investigated the elastic and inelastic local buckling of plates in contact with concrete based on an energy method. This model was used to evaluate the maximum width to thickness ratios of steel plates restrained by concrete subjected to uniform in-plane compression. The finite strip method has been used to study the elastic local buckling behaviour of thin steel plates in composite steel-concrete members by Uy and Bradford (1996) . This analysis was able to predict the elastic local buckling coefficients of plates with various boundary conditions under stress gradient. Shakir-Khalil and Mouli (1990) have studied the experimental behaviour of concrete-filled hot-rolIed rectangular hollow-section columns in which plastic local buckling occurred. An experimental study on the strength and local buckling of concrete-filled thin-walled box columns fabricated with welded steel plates has been conducted by Ge and Usami (1992) . These columns pertained to bridge pier design in Japan. Uy and Bradford ( 1995) have undertaken a test to investigate the elastic and inelastic local and post-local buckling behaviour of steel plates in composite steel-concrete members.
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Design codes for composite steel-concrete columns 58 have been proposed such as 8S-5400. Part 5 ( 1979) and ACI-318-83 (1983) . However, such codes, which do not consider post-local buckling of slender steel plates. may not be directly used in Australia where concrete-filled thin-walled box columns are used. In order to determine the ultimate strength of a short concrete-filled steel box column, the post-local buckling strength of slender steel plates must be predicted by employing a rigorous theoretical analysis of plates against experimental results. This paper presents a theoretical study on the postlocal buckling behaviour and strength of steel plates in concrete-filled steel box columns. The finite element method is employed to analyse the geometric and material nonlinear behaviour of plates restrained by concrete. The treatment of initial geometric imperfections and residual stresses are outlined. The model developed is initially compared with the previous post-local buckling solution given by Yamaki (1959) for clamped elastic steel plates with initial imperfections under uniform edge compression. An extensive parametric study is then undertaken to investigate the minimum elastic local buckling coefficient and the effects of geometric imperfections and residual stresses on the post-local buckling strength of clamped steel.plates. The stress distributions within buckled plates in the post-local buckling regime are discussed. Two effective width formulas are then proposed based on a finite element analysis for the design of clamped steel plates, and can be used in the proposed design formula for the ultimate strength of short concrete-filled thin-walled box columns. The proposed design model is then compared with independent test results.
OUTLINE OF THEORETICAL ANALYSIS

I Theoretical Model
The finite element analysis program STRAND6.1 (1993) was employed to predict the post-local buckling behaviour of steel plates in concrete-filled steel box columns. An eight-node quadratic plate element was chosen to describe the buckling displacements of the plate. In the element. each node has five degrees of freedom. A lOx I0 mesh was used to discretise the plate and was found to provide an acceptable degree of accuracy based on a sensitivity analysis. The plasticity was treated by using the von Mises yield criterion and integrated through the thickness of the plate which was divided into 10 layers. The effect of concrete on the plate was modelled by assuming a clamped boundary condition on the four edges of the plate.
Geometric Imperfections
Geometric imperfections in concrete-filled steel box columns may be induced during the manufacture of steel plates. the welding process of individual plates into the box section. the fabrication of columns and the concreting of the hollow box. The most severe local imperfection is the one which has the same half-wavelength as the local buckling mode as shown in Figure I . In the present study the initial transverse deflections H'o are represented by a lateral pressure acting on the surface of the plate. The lateral pressure not only represents the initial deflections of a plate hut also plays an important role in a nonlinear finite element analysis of plate buckling. A nonlinear finite element model cannot compute the buckling displacements of a perfect plate because the plate is simply in pure compression under applied edge stresses. In practice. the plate will deflect laterally due to imperfections. In order to simulate the response of real plates. a lateral load is needed to disturb the plate in the finite element analysis. The lateral pressure is therefore regarded as a small disturbing load which is applied throughout each load increment to ensure that the plate will remain deflected. The magnitude of the lateral load was established by determining the lateral load that caused a midpoint deflection of the plate equivalent to the required imperfection in the analysis.
Residual Stresses due to Welding
During the process of welding. tensile residual stresses are usually induced in the region of the weld whilst compressive residual stresses are locked in the remainder of the plate. Tensile residual stresses which reach the yield stress of the metal are balanced by compressive residual stresses in the cross section of the plate. The residual stress distribution within a welded plate has been fully described by Dwight (1975) . An idealised residual stress pattern in a concrete-filled steel box column fabricated by welded plates as illustrated in Figure  2 was used in the present nonlinear finite element analysis of plates. Figure 2 shows the distribution for a residual compression of 25% of yield and this was adjusted for other values of residual compression. Residual stresses have been adjusted to suit the finite element mesh. Residual stresses are also treated as a separate load case in the analysis. which are combined with the applied edge stresses.
Residual stresses have a significant influence on the material stress-strain behaviour of welded plates. When a plate is loaded in compression. yielding will occur in the fibres where the sum of the compressive residual stress and the applied stress acting on them is equal to the yield stress of the metal. Once yielding occurs, the material stress-strain curve of the welded plate is no longer linear as would be the case for a coupon without residual stresses. A typical material stress-strain curve of a plate with residual stresses is shown in Figure 3 . It can be seen that a welded plate displays a rounded stressstrain curve which differs from the tensile test behaviour of a coupon without residual stresses.
Material Stress-strain Curve
In the present study. the rounded stress-strain curve of plates with residual stresses is modelled by using the well known formula suggested by Ramberg and Osgood (1943) . The Ramberg-Osgood formula is expressed by
where a is the uniaxial stress. £ is the uniaxial strain, E is the Young's modulus. a 0 7 is the stress corresponding to E 0 7 and 11 is the knee factor which determines the degree of sharpness of the knee of the material stressstrain curve. For different materials the shape of the stress-strain curve can be defined by selecting a knee factor 11. It has been found that the knee factor 11=25 is suitable for structural mild steel with residual stresses.
COMPARISON WITH PREVIOUS WORK
Before studying the elasto-plastic buckling behaviour of plates with clamped edges, the accuracy of the large 
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where k is the dimensionless local buckling coefficient which depends on the aspect ratio of the plate and on the boundary condition at its edges and v is the Poisson's ratio. By introducing the critical buckling stress (J,r=A(J" into Equation (2), the buckling coefficient of a plate can be evaluated by
4./ Minimum Buckling Coefficient
The finite element analysis based on the bifurcation buckling theory has been used to determine the minimum elastic local buckling coefficient of clamped plates in concrete-filled steel box columns. In the classical buckling theory of plates, the critical buckling stress is given by Bulson (1970) as deflection analysis of plates with geometric imperfections was examined by comparing results with the classical postbuckling solution given by Yamaki (1959) . In the present study, a clamped elastic square plate with an initial transverse deflection of 0.1 t at the centre was considered, and the Poisson's ratio was taken as 113 as used by Yamaki. A lOx I 0 mesh was used in the finite element analysis. The load-transverse deflection curve resulting from the present study is compared with Yarnaki's solution in Figure 4 , in which the load factor is defined as ,~=(J.,(blfWTtlE, (J" is the applied edge stress and hand f are the width and thickness of the plate respectively. It can be seen from Figure 4 that the results obtained from the present finite element analysis using STRAND6.1 agree very well with Yamaki's solution. After initial local buckling, the plate can still carry much more load before failure because of the assumption of elasticity. It can also be concluded that the representation of geometric imperfections by using a fictitious lateral pressure is a suitable method.
in which Ais the eigenvalue which is calculated by undertaking a linear buckling analysis of plates. The minimum elastic local buckling coefficient of clamped plates was determined by analysing plates with various halfwavelength Lib as shown in Figure 5 . When the aspect ratio Lib was equal to unity, this study produced a minimum buckl ing coefficient of 9.81 for plates in concretefilled steel box columns whilst Uy and Bradford (1996) found a coefficient of 10.3 using their semi-analytical finite strip method.
Effects of Geometric Imperfections
The effects of geometric imperfections on the load-transverse deflection, load-edge shortening and load-strain behaviour of clamped square plates were investigated.
Slender plates (b/t=I00) without residual stress and with various initial transverse deflections in the range of 0.1 t to 0.5t were studied. The material properties of the plate used in this study were: proof stresscr Il 2=300MPa, elastic modulus E = 200,000MPa and Poisson's ratio y=0.3.
The load-transverse deflection, load-edge shortening and load-strain curves obtained are shown in Figures 6 to 8 , respectively. The elastic critical buckling stress 0'" was calculated by using Equation (2) with the buckling coefficient k min =9.81. For a initial imperfection of 0.1 t, Figure 6 shows that for a central non-dimensional deflection wit of 1.03 the corresponding non-dimensional load cr/cr" is 1.073. When the geometric imperfection increases from 0.1 t to 0.5e the load that can be applied to produce the same deflection is 36% lower. However, the ultimate strength of the plate with a geometric imperfection of 0.5t is only reduced by I Io/c when compared with that of the plate with a initial deflection of 0.1 t. Figure 7 shows that plates with larger geometric imperfections have a lower stiffness when compared with perfect plates and the postbuckling stiffness of plates decreases after initial local buckling. The stiffness of plates with a geometric imperfection of 0.5t is reduced by I Io/c when compared with a plate with an initial geometric imperfection of 0.1 t.
The non-dimensional central strains in the loading direction are plotted in Figure 8 for varying degrees of initial imperfection. It is shown that these non-dimensional strains decrease with increasing amplitude of ini-
tial deflections. Furthermore, these are shown to be less than the elastic critical strain. It is also observed that the axial strain at the centre of the plate decreases after it reaches the maximum strain and this is due to the shortening of the local buckling half wavelength in the post buckling regime. The maximum axial strain of the plate with a geometric imperfection of 0.5t is 30% less than that of a plate with a geometric imperfection of 0.1 t.
Effects of Residual Stresses
Theoretical investigation on the effects of residual stresses on the post-local buckling behaviour and the ultimate strength of slender, compact and stocky plates in concrete-filled steel box columns has been carried out. The slender plate with b/t=I00, compact plate with b/t=70 and the stocky plate with b/t=40 were chosen as representative examples. The compressive residual stress used for the analysis was 0.25(j1l2 for heavily welded plates whilst cr,=0.125cr Il 2 was used for lightly welded plates and cr,=O was used to represent stress relieved plates. Geometric imperfections of 0.1 t were incorporated throughout the analysis.
The load-transverse deflection curves were obtained for plates with various residual stress levels, and are shown in Figure 9 . It can be seen from Figure 9 that residual stresses have more pronounced effects on the load-deflection behaviour of compact and stocky plates than those of slender plates. For stocky plates, elastic local buckling will not occur prior to yielding. Compressive residual stresses cause a reduction in the yield stress of the plate so that the plate will yield at a lower value than that of the plate without residual stresses. After yielding, plastic local buckling may occur before the attainment of the ultimate strength because the rigidity of the plate to resist local buckling has been reduced by yielding, and the plate will undergo significant plastic deformations. For compact plates, local buckling and yielding may occur soon after one another. Residual stresses also promote premature yielding in compact plates. The stiffness of plates decreases with the increase of compressive residual stress levels, but this effect is more pronounced for stocky plates.
The effect of residual stresses on the ultimate strength of clamped plates is illustrated in Figure 10 . It can be seen that the ultimate strength of clamped plates decreases with a respective increase in compressive residual stresses. The ultimate strength of plates with compressive residual stresses cr,=0.25cr o2 is reduced by 9% for stocky plates (b/t=40), by 6% for compact plates Table 2 . The effective width of plates in concrete-filled steel box columns can be expressed as the plate is 5 I% of that in the edge strips. For plates with residual stresses, high compressive stresses are still developed at the edge strips and the central region of the plate carries only 29% of the stresses in the edge strip. However, because of the presence of compressive residual stresses, stresses at the loaded edge approach the maximum stress. The tensile stresses are present at the unloaded edge strips since the tensile residual stresses were locked in this region before loading. Equations (5) and (6) were derived based on the results of the present finite element analysis of clamped plates with geometric imperfections of 0.1 t and residual stresses of 0',=0.250'01 (0'01=300MPa) as shown in Table 2. Since the finite element model developed was still idealised compared with real plates in concretefilled steel box columns, Equations (5) and (6) were proposed to give conservative lower bound values to the finite element results. When the elastic local buckling stress 0'" of clamped plates is less than the yield stress or proof stress of the plate, Equation (5) can be
Effective Width of Clamped Plates
The stress distributions within buckled clamped plates with geometric imperfections and residual stresses have indicated that the load is carried mainly by the two edge strips while the heavily buckled central region of the plate withstands substantially lower stresses. As a result of this, the post-local buckling behaviour of clamped plates can be described by the effective width concept.
The effective width for strength may be defined as the width of an unbuckled plate effective in carrying loads which can withstand the same maximum membrane stress as the buckled plate subjected to a given load. The effective width of plates can be represented by (b/t=70) and by 3% for slender plates (b/t= I00) when compared with that of plates without residual stresses. Therefore, it can be concluded that residual stresses cause a greater reduction in the ultimate strength of plates with smaller bit ratios and only have a slight influence on the ultimate strength of slender plates.
Effects of Combined Imperfections
Geometric imperfections and residual stresses usually coexist in steel plates in concrete-filled box columns. Therefore, it is essential to study the effects of combined geometric imperfections and residual stresses on the post-local buckling strength of plates with various bit ratios. In order to simplify the analysis, the initial deflection of 0.1 t and compressive residual stress 0',=0.250'01 were used for all cases. Solutions were obtained for square clamped plates with a slenderness range from b/t=30 to 110. The load-edge shortening curves of clamped plates with various bit ratios are shown in Figure II . The results indicate that geometric imperfections and residual stresses cause a reduction in the initial local buckling stress and post-local buckling strength of clamped plates. Plates with smaller bit ratios possess higher local buckling stresses. The post-local buckling strength of slender plates is greater than those of stocky and compact plates, but slender plates have a lower ultimate strength. The post-local buckling stiffness of slender plates decreases substantially after initial local buckling whilst the stiffness of stocky plates decreases after yielding.
I Stress Distribution within Buckled Plates
The development of the post-local buckling strength of plates is associated with membrane stress redistribution within the buckled plates. The membrane stress distribution within a buckled plate with geometric imperfections and residual stresses is different from that of a perfect plate. This has been confirmed by the present theoretical results of clamped plates incorporating imperfections. The stress distributions across the buckled sections of plates with initial deflections obtained from the nonlinear finite element analysis are illustrated in Figure 12 . For the plate without residual stresses, the maximum membrane stress is developed at the unloaded edge strips. The magnitude of stresses in the centre of Slenderness bIt Figure 13 . Effective width curve of plates in concrete-filled steel box columns.
EFFECTIVE WIDTH FORMULAS FOR DESIGN
used in design for the strength of the section. When cr,.,>cr 0 2 ' Equation (6) can be used to predict the ultimate strength of the clamped plates. An effective width curve for plates in concrete-filled steel box columns derived from the present study is illustrated in Figure 13 . This curve is compared with that developed 68 by Ge and Usami (1994) for clamped plates and that suggested by Bradford et al. (1987) for simply supported plates. It can be concluded that the proposed model provides a conservative result when compared to that of Ge and Usami (1994) 
•
Composite steel-concrete encased columns.
• Composite steel-concrete T-beams; and
FURTHER RESEARCH
It has been shown that the proposed design model can be used in practice for the calculation of the ultimate strength of short concrete-filled steel box columns. Further research is needed in order to predict the ultimate strength of steel plates in other composite steel-concrete members. which include:
Composite steel-concrete box girders;
Composite steel-concrete multi-cell box girders;
CONCLUSIONS
The post-local buckling behaviour and ultimate strength of steel plates in concrete-filled thin-walled box columns has been investigated by using the finite element method. The effects of different geometric imperfections, residual stresses and slenderness ratios on the postlocal buckling behaviour of clamped steel plates have been considered. The accuracy of the models developed in this study has been validated by comparison with previous theoretical solutions as well as experimental investigate the ultimate strength of steel alone. the loads were applied to the steel plates only. It can be seen from Table 3 that the theoretical predictions agree very well with the experimental ultimate strength of concretefilled box columns. The mean theoretical ultimate strength of composite columns is 94% of that of the test results. Furthermore, the predicted value was less than the tested results for all specimens considered. Therefore. the proposed design model produces conservative predictions of the ultimate strength of short steel box columns filled with concrete and thus would be appropriate for design.
The ultimate strength of a concrete-filled steel box column is affected by many factors, such as geometric imperfections, residual stresses and the quality of infilled concrete. These factors are uncertain in most situations. The proposed effective width formulas Equations (5) and (6) have considered the effects of geometric imperfections and residual stresses, and a reduction factor of 0.85 is incorporated in Equation (7) for the compressive cylinder strength of concrete. The comparisons between experimental results and theoretical predictions have confirmed that the proposed models predict the behaviour of short concrete-filled steel box columns very well.
• (7) in whichj" is the compressive cylinder strength of concrete. A is the concrete area of the cross section. (J is (--r the yield stress of the steel plate and A". is the total effective steel area of the cross section. The reduction factor for the cylinder compressive strength of concrete is taken as 0.85 which accounts for the uncertainty between the in-situ strength and test cylinder strength. The reduction in strength of steel plates caused by geometric imperfections. residual stresses and local buckling is accounted for by adopting the total effective steel area A", which is calculated by using the proposed effective width formulas Equations (5) and (6).
STRENGTH OF CONCRETE· FILLED STEEL BOX COLUMNS
A design model for the ultimate strength of short concrete-filled steel box columns in compression is developed based on the proposed effective width formulas of Equations (5) and (6) 
COMPARISON OF THEORY WITH INDEPENDENT EXPERIMENTS
The theoretical predictions of the ultimate strength of short concrete-filled steel box columns using the proposed design model are compared with experimental results observed from independent research. The material and geometric properties and test results are listed in Table 3 . Specimens NS I-NS 17 were fabricated with slender steel plates and conducted by Uy (1998) whilst specimens C I-C9 were constructed with stocky steel plates and undertaken by Shakir-Khalil and Mouli (1990) . The theoretical ultimate strength of short columns under uniform axial compression as shown in Table 3 was calculated by using Equation (7) with the two effective width formulas of Equations (5) and (6). Since the rectangular columns C I to C9 were constructed with small bit ratio plates. plastic local buckling occurred. The reduction in strength caused by plastic local buckling is accounted for using Equation (6). The effective width calculated for columns C I-C9 in Table 3 is the average value of the adjacent sides of the section since the columns are rectangular. For specimens NS5, NS I I and NS 17 which were designed to results. The proposed design models should be of use in the formation of codes of practice for concrete-filled box columns fabricated with steel plates. The method presented can also be augmented to investigate the ultimate strength of steel plates in other composite steelconcrete members.
Based on the present theoretical study, the following important conclusions can be drawn:
(2) The load carrying capacity of clamped plates decreases with the increase of the amplitudes of initial deflections. The post-local buckling stiffness of clamped plates decreases after initial local buckling.
(3) Residual stresses have a pronounced affect on the load-deflection behaviour of clamped stocky and compact plates. The stiffness and the ultimate strength of plates decreases with the increase of compressive residual stresses, but residual stresses cause a greater reduction in the ultimate strength of plates with smaller bit ratios.
(4) Two formulas were proposed to express the effecin which the effective steel area A is calculated se by the proposed effective width formulas of Equations (5) and (6).
